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Introduction {#sec001}
============

Marine protected areas (MPAs) and other spatial management measures are increasingly used as components of management frameworks to govern marine activities, including fishing, and to protect the component manifestations of marine biodiversity. A large body of evidence has demonstrated the ecological changes that occur within and adjacent to coastal, benthic, shallow-water MPAs and MPA networks that reduce fishing mortality. These ecological responses include, on average, increased: local abundance and biomass, mean lengths, recruitment and absolute biomass, and species richness and diversity \[[@pone.0235129.ref001]--[@pone.0235129.ref006]\]. These ecological effects are strongest for upper trophic level taxa with certain behavioral and life-history traits, that have high site fidelity and relatively limited mobility, and that were highly exploited when the MPA was established \[[@pone.0235129.ref007]--[@pone.0235129.ref011]\]. The magnitude of responses is also higher the larger the magnitude of pressures that were reduced within the MPA, the larger and older the MPA, and the more robust the management system and concomitant higher compliance with MPA rules that reduce pressures \[[@pone.0235129.ref001], [@pone.0235129.ref012]--[@pone.0235129.ref014]\].

Over the past decade there has been a proliferation of very large MPAs that include or are exclusively pelagic or 'blue water' habitat, in which pelagic fishing is restricted or prohibited \[[@pone.0235129.ref015]\]. These pelagic MPAs contribute substantially towards meeting the area-based goal of Aichi Biodiversity Target 11 and Sustainable Development Goal target 14.5 \[[@pone.0235129.ref016]--[@pone.0235129.ref017]\]. However, there is extremely limited theoretical---and in particular empirical---evidence of ecological responses to pelagic MPAs and other spatial management approaches for pelagic fisheries \[[@pone.0235129.ref018]--[@pone.0235129.ref020]\]. Studies that provide a robust basis for inferring causation of ecological as well as socio-economic impacts of pelagic MPAs using counterfactual-based modeling is a priority \[[@pone.0235129.ref020]--[@pone.0235129.ref022]\].

This limited body of research leaves a substantial gap in understanding how pelagic MPAs can contribute to the management and mitigation of pressures from pelagic fisheries. Direct fishing mortality by pelagic marine fisheries is the main driver of reductions in the size and abundance of pelagic apex predators, including of target stocks and incidentally caught species, although there has been disagreement over the magnitude of these declines \[[@pone.0235129.ref023]--[@pone.0235129.ref027]\]. Fisheries that target tuna and tuna-like species (Scombroidei), billfishes (Xiphioidei) and other relatively fecund species can have large impacts on incidentally caught species that, due to their lower reproduction rates and other 'slow' life-history traits, are relatively vulnerable to increased mortality, including seabirds, sea turtles, marine mammals, elasmobranchs and some teleosts \[[@pone.0235129.ref028]--[@pone.0235129.ref030]\]. Pelagic fisheries selectively remove individuals based on certain traits (e.g., behavioral traits for boldness; life-history traits for size-at-age; physiological traits for visual acuity; morphological traits for mouth dimensions), reducing intraspecific genetic diversity and fitness, altering evolutionary processes \[[@pone.0235129.ref031]--[@pone.0235129.ref032]\]. Fishing gear can alter and damage habitat (e.g., drifting fish aggregating devices or FADs can alter the natural behavior and ecology of species that associate with the gear; derelict FADs can damage sensitive coastal habitats; \[[@pone.0235129.ref033]--[@pone.0235129.ref035]\]). Fishing mortality of large, highly migratory pelagic predators of high trophic levels (TL\> 4.0) can modify pelagic ecosystems' structure and processes, manifested through top-down food web linkages, where these changes can be protracted or permanent regime shifts \[[@pone.0235129.ref027], [@pone.0235129.ref036]--[@pone.0235129.ref038]\]. At this latter broad level, there is limited understanding of what magnitudes of interacting natural (e.g., large-scale climate variability) and anthropogenic pressures (including from fishing) cause pelagic ecosystems to undergo regime shifts \[[@pone.0235129.ref036], [@pone.0235129.ref039]--[@pone.0235129.ref041]\]). Pressures from marine capture fisheries interact with pressures from the four other main drivers of change and loss of marine biodiversity of climate change, marine pollution, habitat degradation and the spread of invasive alien species \[[@pone.0235129.ref042]--[@pone.0235129.ref043]\].

There is substantial uncertainty over the feasibility of pelagic MPAs to contribute to managing these pressures and achieving ecological objectives. Objectives may include maintaining targeted biomass levels of highly migratory species, reducing the magnitude of fisheries-induced evolution and maintaining pelagic ecosystems in a quasi-stable state selected to sustain the provision of desired services, including fishery yields \[[@pone.0235129.ref018], [@pone.0235129.ref020], [@pone.0235129.ref044]\].

We conducted the first comprehensive performance assessment of very large, pelagic MPAs that banned commercial fishing, established by the United States government at Palmyra Atoll, Kingman Reef and Johnston Atoll, which are components of the Pacific Remote Islands Marine National Monument. The study employed a Bayesian time series-based counterfactual modelling approach using a unique 24.7-year dataset of fishery-dependent observer data from Hawaii's tuna longline fishery to compare the temporal response in the MPAs to three control zones for standardized catch rates, pelagic ecosystem state indicators of community structure (mean length and mean trophic level of the catch, TLc), and species diversity using the the Shannon-Wiener Index. We also assessed model-standardized catch rates for species of conservation concern, species diversity and mean trophic level of the catch within and outside of the MPAs. The assessment of standardized catch rates for species of conservation concern determined if the MPAs have been protecting a bycatch hotspot, or otherwise have not affected or exacerbated bycatch of some at-risk taxa through displaced effort. The comparison of the Shannon diversity index and mean TLc between areas closed vs. open to fishing enabled assessment of the effect of displaced effort on species-level biodiversity and relative degree of disturbance to community structure. Findings augment a small body of theoretical and observed evidence of ecological responses to pelagic MPAs, in particular from studies that provide a strong basis for causal inference \[[@pone.0235129.ref020]\], improving the knowledge of optimal designs for pelagic MPAs to achieve ecological objectives.

Results {#sec002}
=======

Standardized catch rates {#sec003}
------------------------

To exemplify the approach employed to develop standardized catch time series, Supporting Information S4-S6 Figs in [S1 File](#pone.0235129.s001){ref-type="supplementary-material"}. present outcomes of the Gaussian spatially-explicit generalized additive mixed model (geoGAMM) for the bigeye tuna (*Thunnus obesus*) standardized catch rate for the full study period, before and after Hawaii's longline fishery was exposed to the MPAs. S4 Fig in [S1 File](#pone.0235129.s001){ref-type="supplementary-material"}. identifies 12 significant model terms included in the geoGAMM for the bigeye tuna standardized catch rate. S5 Fig in [S1 File](#pone.0235129.s001){ref-type="supplementary-material"}. shows the residual spatial effect of the geoGAMM, identifying locations with high unexplained bigeye tuna catch rates (i.e., areas with high bigeye tuna catch rates that were weakly explained by the model). And, S6 Fig in [S1 File](#pone.0235129.s001){ref-type="supplementary-material"}. presents the temporal trends in standardized bigeye tuna catch rates estimated by the geoGAMM for each study zone (three control zones, three treatment zones).

[Fig 1](#pone.0235129.g001){ref-type="fig"} presents the counterfactual catch rate with standardized effort (relative abundance) prediction for the 110 nm treatment zone at Kingman Reef/Palmyra Atoll (hereafter referred to as KP110) for bigeye tuna. In the top panel, the solid line is the "observed" (predicted from the geoGAMM) relative abundance response, and the curved dashed line is the Bayesian state-space structural time series model fit to generate the counterfactual relative abundance prediction (i.e., what relative abundance would have been had the MPA not been established). The bottom panel is the pointwise difference between the two curves of the first panel, demonstrating the temporal dynamics of the apparent response to the MPA intervention. In the top panel, the dashed line to the left of the vertical line is the modeled prediction, and to the right of the vertical line is the counterfactual prediction post-intervention (i.e., what the response would have been in the treatment zone had there not been an intervention). The vertical dashed line indicates the beginning of the counterfactual prediction period (the end of calendar year 2008 for the 50nm MPA established in Jan. 2009). Shaded areas are 95% credible intervals of the counterfactual prediction.

![Counterfactual prediction plot for the causal impact of a 2009 intervention on bigeye tuna catch rates within a 110 nm zone around the Kingman Reef and Palmyra Atoll MPA.\
**Top panel:** Solid curve is the expected catch rate for the MPA 110 nm treatment zone from 1997--2016. The dashed curve and polygon show the counterfactual prediction (and prediction uncertainty) drawn from 50k stochastic realizations of a Bayesian state-space structural time series model fitted to the expected reference zone-specific catch rates with other potentially informative predictors. **Bottom panel:** Shows the pointwise difference (and 95% credible interval) between the 2 curves in the top panel (expected catch rate, counterfactual prediction), which shows a significant decline of the expected catch rate following the 2009 intervention event. This reveals the temporal dynamics of the causal impact of the intervention. The posterior probability of a causal effect attributable to the intervention was \> 99% of an 84% gradual permanent reduction since 2009 (95% credible interval: -143% to -25%).](pone.0235129.g001){#pone.0235129.g001}

There was a causal effect of a decline in bigeye tuna standardized catch rate attributable to the 2009 Kingman/Palmyra MPA ([Fig 1](#pone.0235129.g001){ref-type="fig"} and [Table 1](#pone.0235129.t001){ref-type="table"}). The impact was large, gradual and permanent. The expected bigeye tuna standardized catch rate within KP110 would have been significantly higher without the establishment of the MPA. Significant causal effects were also observed for standardized catch rates for blue shark (*Prionace glauca*) and for longnose lancetfish (*Alepisaurus ferox*) in both the 110 nm and 260 nm treatment zones at Johnston Atoll (hereafter referred to as J110 and J260, respectively) ([Table 1](#pone.0235129.t001){ref-type="table"}). The expected blue shark and longnose lancetfish standardized catch rates within the treatment zones around Johnston would have been significantly higher and lower, respectively, without establishment of the MPAs ([Table 1](#pone.0235129.t001){ref-type="table"}). The blue shark impacts from the 50 nm and 200 nm MPAs at Johnston were moderate, gradual and permanent for both interventions. The lancetfish impacts from the 50 nm and 200 nm MPAs at Johnston were large and moderate, respectively, and were gradual and permanent for both interventions. There was no compelling evidence for any causal impact on the zone-specific catch rates for other species, nor for bigeye tuna for the MPAs at Johnston, blue shark for the Kingman/Palmyra 50 nm MPA, and for longnose lancetfish for the Kingman/Palmyra 50 nm MPA (each with Bayesian predictive p \> 0.10).

10.1371/journal.pone.0235129.t001

###### Posterior inference summary for the post-intervention period (2009 onwards) for species-specific catch rate predictions deemed here to indicate a significant MPA attributable causal impact.

![](pone.0235129.t001){#pone.0235129.t001g}

  zone/species          causal effect probability   relative effect (%)   important synthetic control predictors[^1^](#t001fn001){ref-type="table-fn"}   
  --------------------- --------------------------- --------------------- ------------------------------------------------------------------------------ -----------------------------------------------------------------
  **kp110 nm**                                                                                                                                           
  bigeye tuna           \> 0.99                     -84                   (-143, -25)                                                                    FAO Fish Price Index, PDO (40%), northwest reference zone (25%)
  **j110 nm**                                                                                                                                            
  blue shark            \> 0.97                     -40                   (-83, -0.7)                                                                    MEI, southern reference zone
  longnose lancetfish   \> 0.95                     187                   (-13, 457)                                                                     MEI
  **j260 nm**                                                                                                                                            
  blue shark            \> 0.96                     -29                   (-62, 3.8)                                                                     southern reference zone
  longnose lancetfish   \> 0.99                     43                    (27, 65)                                                                       MEI

^1^ Unless stated the synthetic control predictor inclusion probability was \> 50%. PDO = Pacific Decadal Oscillation, MEI = Multivariate ENSO Index.

Length and TLc {#sec004}
--------------

There were no causal effects on bigeye or yellowfin tuna (*T*. *albacares*) mean lengths attributable to the 50 nm MPA within KP110 or to the two MPAs within J260 (Bayesian predictive p \> 0.05; S7 Fig in [S1 File](#pone.0235129.s001){ref-type="supplementary-material"}). There were also no causal effects on mean TLc attributable to the 50 nm MPA within KP110 or to the two MPAs within J260 (Bayesian predictive p \> 0.05; S8 Fig in [S1 File](#pone.0235129.s001){ref-type="supplementary-material"}).

[Fig 2](#pone.0235129.g002){ref-type="fig"} presents the time series of estimated annual mean TLc for sets made within vs. outside of treatment zones from a GAMM with Gaussian likelihood. The overall mean annual TLc on average was significantly higher within than outside of the treatment zones (p\<0.001). For each individual year in the time series, mean TLc was higher but 95% uncertainty intervals (UIs) overlap.

![Comparison of the estimated annual trends in the mean trophic level of the catch (TLc) inside (*treatment*) and outside (*control*) combined treatment zones (Kingman/Palmyra 110 nm + Johnston 260 nm) derived using a GAMM regression model with Gaussian likelihood fitted to the set-specific catch data.\
Solid curves show the zone-specific mean trends and the shaded polygons show the zone-specific 95% confidence intervals.](pone.0235129.g002){#pone.0235129.g002}

ETP catch rates {#sec005}
---------------

[Fig 3](#pone.0235129.g003){ref-type="fig"} presents expected mean catch rates (catch per set) and 95% UIs from GAMMs with negative binomial likelihood within future MPAs (i.e., within 50 nm of Kingman/Palmyra, and within 200 nm of Johnston, prior to MPA establishment) vs. outside of MPAs for five species of conservation concern (also referred to as endangered, threatened and protected or ETP species). Oceanic whitetip (*Carcharhinus longimanus*), silky (*C*. *falciformis*) and blue shark mean catch rates were significantly higher, and striped marlin (*Kajikia audax*) catch rates significantly lower, within MPAs than in the rest of the Hawaii longline fishing grounds. There was no meaningful difference in bigeye thresher shark (*Alopias superciliosus*) mean catch rates within vs. outside of MPAs.

![Comparison of the estimated mean catch rates inside and outside of the combined MPAs (Kingman/Palmyra and Johnston) for 5 species of conservation concern derived using species-specific GAMM regression models with negative binomial likelihood fitted to the set-specific catch data.\
Solid dot shows the expected mean rate and the vertical bar shows the 95% confidence interval.](pone.0235129.g003){#pone.0235129.g003}

[Fig 4](#pone.0235129.g004){ref-type="fig"} presents expected mean catch rates (catch per set) and highest posterior density interval from a binomial likelihood coupled with a Bayes-Laplace beta prior within vs. outside of the 50 nm MPA at Kingman/Palmyra and 200 nm MPA at Johnston for species/groups of conservation concern with too small sample sizes for GAMM fits. Albatrosses and shortfin mako shark (*Isurus oxyrinchus*) mean catch rates were significantly lower, and olive Ridley sea turtle (*Lepidochelys olivacea*) catch rate significantly higher, within MPAs than in the rest of the Hawaii longline fishing grounds. There was no meaningful difference in mean catch rates for odontocetes.

![Comparison of the estimated mean catch rates inside and outside the combined MPAs (Kingman/Palmyra and Johnston) for 4 species of conservation concern with only limited catch data.\
These estimates were derived by sampling the summed catch and effort data from a species-specific binomial likelihood with a noninformative Bayes-Laplace prior. Solid dot shows the posterior mean rate and the vertical bar shows the 95% highest posterior density interval.](pone.0235129.g004){#pone.0235129.g004}

Shannon diversity index {#sec006}
-----------------------

There were no causal effects on the annual mean Shannon index H' attributable to the 50 nm MPAs at Kingman/Palmyra and Johnston (Bayesian predictive p \> 0.05; S9 Fig in [S1 File](#pone.0235129.s001){ref-type="supplementary-material"}).

There were no significant differences in mean annual H' within MPAs vs. in the three control zones outside of the MPAs, and there was no trend in H' in any of the four zones. There was major uncertainty in all four estimated trends, and 95% UIs completely overlapped.

Discussion and conclusions {#sec007}
==========================

Significant standardized catch rate responses {#sec008}
---------------------------------------------

Within KP110, the significant reduction in standardized catch rate of bigeye tuna, the main target species of the Hawaii deep-set longline fishery, caused by the 50 nm MPA, reduced the economic viability of fishing for the subset of vessels that fish in this already inconvenient, distant part of their fishing grounds. Excluding vessels from areas within treatment zones near atolls/reefs, where the local abundance of some pelagic apex predators is higher than open ocean habitats \[[@pone.0235129.ref045]--[@pone.0235129.ref048]\], may explain the findings that there would have been significantly higher bigeye tuna (in KP110), higher blue shark (in J110, J260) and lower longnose lancetfish (in J110, J260) standardized catch rates had the MPAs not been established. If correct, then the findings that the MPAs caused a reduction in bigeye tuna and blue shark standardized catch rates do not reflect an ecological response to the MPA of a decline in local abundance of these species within treatment zones. Instead, the reduction in standardized catch rates would have been caused by excluding fishing grounds and displacing effort from areas within the treatment zone with natural aggregating features with relatively high catch rates and local abundance of pelagic apex predators to open ocean areas with relatively lower catch rates and local abundance of these species. There may have been increased local abundance of bigeye tuna, blue shark and other apex predator species susceptible to capture in pelagic longline fisheries in the treatment zones post MPA establishment in response to the MPAs. However, the counterfactual assessment did not detect this response, perhaps because any local abundance response to the MPA was offset by the reduced catch rate from removing the relatively higher productive fishing grounds near the shallow features.

Truncating the fishing grounds within the treatment zones to retain areas with lower relative abundance of apex predators may have resulted in the remaining fishing grounds in the treatment zone having relatively lower predation pressure and competition for prey and higher local abundance of longnose lancetfish and possibly other lower trophic level species \[[@pone.0235129.ref038]\]. Displacing fishing effort to grounds with lower relative abundance of top pelagic predators may also have resulted in the remaining fishing grounds in the treatment zone having relatively lower gear saturation and interference competition \[[@pone.0235129.ref049]--[@pone.0235129.ref050]\], contributing to causing the observed longnose lancetfish standardized catch rate to be higher than the counterfactual prediction.

Fishing-the-line (when vessels fish along the MPA boundary) post-MPA establishment could be another partial explanation for these findings. Post MPA establishment, the catch levels of large pelagic species by foreign fishing vessels may have increased along the seaward margins of the US exclusive economic zone (EEZ) adjacent to Kingman/Palmyra and Johnston \[[@pone.0235129.ref051]--[@pone.0235129.ref052]\]. This could have caused the observed standardized catch rates (i.e., predicted from the geoGAMM) of bigeye tuna and blue shark in the 'spillover' portions of treatment zones to be lower than counterfactual predictions. If fishing mortality levels of bigeye tuna and blue shark in these areas post-2009 were instead the same as pre-2009, then the Hawaii longline standardized catch rate might have increased as predicted by the counterfactual assessment. A post-2009 increase in fishing mortality by foreign vessels of blue shark and possibly other top apex predators in waters near the Johnston MPA may explain why the observed longnose lancetfish standardized catch rate was higher than the counterfactual prediction, for the same reasons hypothesized above of how reduced local abundance of apex predators might cause increased standardized catch rates of lower trophic level species. It is a research priority to investigate international fishing effort around the Monument's seaward margins.

ETP catch risk within vs. outside of MPAs {#sec009}
-----------------------------------------

The MPAs' displacement of Hawaii longline fishing effort resulted in conflicting effects on bycatch rates of ETP species. The fishing grounds in areas that are now MPAs were bycatch hotspots for some ETP species and coldspots for others. Managers have not evaluated whether these unplanned conflicting effects are acceptable tradeoffs, such as by estimating relative risks or absolute population-level effects.

There have been similar observations of fishery closures designed to reduce the bycatch of one species of conservation concern that displaced fishing effort and inadvertently exacerbated bycatch rates of other at-risk taxa \[[@pone.0235129.ref020], [@pone.0235129.ref053]--[@pone.0235129.ref055]\]. There are also observations of MPAs resulting in the spatial or temporal displacement of fisheries bycatch of an individual species or age classes of a species \[[@pone.0235129.ref020], [@pone.0235129.ref056]--[@pone.0235129.ref058]\].

In fisheries with quotas for target species, such as for Hawaii's tuna longline fishery for bigeye tuna, but no effort controls for individual vessels, MPAs that displace fishing effort to areas or periods with relatively lower target species catch rates could result in increased effort to maintain target species catch levels. This in turn could result in increased catch and fishing mortality levels of bycatch species, including of ETP species (e.g., \[[@pone.0235129.ref018]\]). This was likely not the case for the MPAs assessed here because bigeye tuna catch rates were similar within and outside of the closed areas. The bycatch hotspots and coldspots within the MPAs were therefore also hot and coldspots when expressed as bycatch-to-target catch ratios (e.g., \[[@pone.0235129.ref059]\]), at least for this fishery's main target species of bigeye tuna.

TLc within vs. outside of treatment zones {#sec010}
-----------------------------------------

The difference in mean TLc between the treatment and control zones was mainly due to there having been 70% and 45% higher nominal catch rates of relatively higher trophic level species of tunas (main species bigeye tuna, TL = 4.81) and sharks (main species blue shark, TL = 4.95), respectively, and 44% lower catch rates of relatively low trophic level species of other teleosts (main species longnose lancetfish, TL = 4.34) within treatment zones. The observed higher mean TLc near Johnston and Palmyra Atolls and Kingman Reef is likely due to the aggregating effect of shallow submerged features and islands on pelagic predators (and their prey), including sharks \[[@pone.0235129.ref047]--[@pone.0235129.ref048], [@pone.0235129.ref060]\], seabirds \[[@pone.0235129.ref046], [@pone.0235129.ref061]\], sea turtles \[[@pone.0235129.ref048]\], marine mammals \[[@pone.0235129.ref046], [@pone.0235129.ref062]\], and teleosts, including some tunas and billfishes \[[@pone.0235129.ref048], [@pone.0235129.ref063]--[@pone.0235129.ref067]\].

The higher mean TLc in treatment zones relative to control zones might also be a result of the treatment zones having experienced relatively light effort by fisheries selecting for upper trophic level species. Longline fishery removals of upper trophic level species may not have altered the relative abundance of upper trophic level species near the shallow features possibly because fishing effort was light and because of the short residency times and hence short time for replenishment of these highly migratory apex predators at these sites. The treatment zones might therefore have relatively undisturbed community structures, characteristic of the mean TLc when a fishery expands to new areas \[[@pone.0235129.ref068]--[@pone.0235129.ref069]\], instead of a lower mean TLc characteristic of areas that have had longer and more extensive exploitation histories during which fishing down or through the food web has occurred \[[@pone.0235129.ref070]--[@pone.0235129.ref071]\].

The displacement of Hawaii longline effort from the MPAs with higher mean TLc to the rest of the fishing grounds with lower mean TLc, may have diverted fishing from areas with relatively higher to lower local abundance of top trophic level species. This would have contributed a small reduction in pressure on higher trophic level species and small increase in pressure on lower trophic level species within the broad fishing grounds of Hawaii's fishery. This contributes to more balanced exploitation \[[@pone.0235129.ref072]--[@pone.0235129.ref073]\] across these higher pelagic trophic levels. However, as the counterfactual model prediction found few or no local, relative abundance response in assessed species, and because a regional, absolute abundance response was unlikely to have been caused by the MPAs \[[@pone.0235129.ref009], [@pone.0235129.ref020]\], a response in ecosystem structure was also unlikely to have resulted from the MPAs.

Shannon diversity index within vs. outside of MPAs {#sec011}
--------------------------------------------------

The lack of an observed difference in Shannon diversity index between the MPAs and the rest of the fishing grounds indicates that, with species weighted according to their relative frequency, these areas had similar diversity (richness and evenness) of species susceptible to capture in pelagic longline gear, perhaps because these zones experienced similar degrees of disturbance to species-level diversity. In general, the higher the magnitude or frequency of disturbance, the lower the species diversity, however, the relationship is variable \[[@pone.0235129.ref074]--[@pone.0235129.ref076]\]. The Shannon index is correlated with several other commonly used species diversity metrics (e.g.,\[[@pone.0235129.ref077]\]), and provides a useful characterization of diversity by not favoring rare or dominant species, as all species are weighted according to their relative frequency. While higher pelagic predator species richness and local abundance of some upper trophic level species occur proximate to shallow seamounts and other submerged features relative to open ocean habitat \[[@pone.0235129.ref045], [@pone.0235129.ref047]--[@pone.0235129.ref048]\], evenness at shallow features relative to open ocean habitat is not well understood.

Non-significant counterfactual predictions of response to MPAs {#sec012}
--------------------------------------------------------------

There were no significant counterfactual predictions of mean length, mean TLc nor Shannon index responses to the MPAs, and no meaningful local abundance responses for most or possibly all assessed species/treatment zone combinations. The lack of meaningful ecological responses to the MPAs for these attributes may have been due to:

-   **Size**: The MPAs may be too small to have protected a large enough proportion of populations and to have retained individuals for a sufficient proportion of their lifetime. A pelagic MPA, or network of pelagic MPAs, would need to be extremely large, covering a large proportion of a population's distribution, and protecting a substantially large proportion of the individuals of a population, in order to substantially reduce the risk of fishing mortality of an individual pelagic organism throughout its lifetime \[[@pone.0235129.ref009], [@pone.0235129.ref011], [@pone.0235129.ref044], [@pone.0235129.ref078]--[@pone.0235129.ref079]\]. While there is limited understanding of spawning behaviors of most pelagic species \[[@pone.0235129.ref080]\], bigeye, yellowfin, skipjack and albacore tunas are currently understood to have extensive spawning grounds in tropical and subtropical waters and protracted spawning seasons \[[@pone.0235129.ref079], [@pone.0235129.ref081]\]. While tuna spawning habitat very likely occurs within the monument components assessed here and other pelagic MPAs of the tropical Pacific \[[@pone.0235129.ref082]\], for these highly fecund broadcast spawners, protecting a small proportion of the distribution of spawning stock biomass likely has minimal effect on recruitment or absolute biomass, where only at extremely low population sizes would egg production likely be a limiting factor for recruitment \[[@pone.0235129.ref083],[@pone.0235129.ref084]\]. If individuals are transient, remaining for relatively short time periods (days, weeks) in an MPA, especially if fishing-the-line occurs, then there would not be an increase in biomass from the MPA, locally or stock-wide \[[@pone.0235129.ref011], [@pone.0235129.ref020], [@pone.0235129.ref085]--[@pone.0235129.ref086]\]. However, at static pelagic sites containing networks of natural and non-natural aggregating features (shallow seamounts, anchored FADs and buoys, banks and ledges), if large pelagic species have sufficiently long persistence (e.g., residency times of months to years \[[@pone.0235129.ref066], [@pone.0235129.ref087]--[@pone.0235129.ref088]\]), MPAs theoretically could provide protection to individuals for a sufficient proportion of their lifetime during which a large proportion of their total growth occurs, augmenting growth and local biomass within the MPA.

-   **Age**: The age of an MPA can significantly explain ecological responses \[[@pone.0235129.ref012], [@pone.0235129.ref014], [@pone.0235129.ref089]\]. The counterfactual assessments of the 50 and 200 nm closures employed time series after the treatments of 9- and 4-year durations, respectively. There were even shorter time series of length data. Perhaps in time ecological responses to the MPAs will become apparent.

-   **Site selection**: The MPAs may not contain critical habitat for certain life-history stages of these highly migratory species that are susceptible to capture in pelagic longline gear. Pelagic MPAs that protect habitat in locations and during periods that are important for critical life-history stages of pelagic species could cause increased recruitment and absolute biomass of populations \[[@pone.0235129.ref018], [@pone.0235129.ref090]\]. This includes periods and areas used for spawning, mating and calving/pupping, as well as nursery and nesting areas, areas important for foraging, and migratory pathways \[[@pone.0235129.ref020]\].

-   **Degree of exploitation prior to closures**: The MPAs were marginal fishing grounds for the Hawaii fleet, due likely to their large distance from port, with relatively light exploitation prior to the closures and hence a concomitant small release of pressure subsequent to closure. The magnitude (as well as the type) of pressures that were reduced within an MPA can significantly explain ecological responses \[[@pone.0235129.ref001], [@pone.0235129.ref014]\]. The lack of a response in the Shannon diversity index to the MPAs suggests that the level of fishing mortality that had been occurring in the treatment zones prior to the establishment of the MPAs had not suppressed the number and dominance of species that are susceptible to capture in pelagic longline gear. Similarly, the lack of a mean TLc response suggests that, after the establishment of the MPAs, in treatment zones, there was no change in the size structure of the catch. Discussed above, the observation of higher mean TLc in treatment zones relative to control zones suggests that the treatment zones, prior to the MPA establishment, had experienced relatively light effort and light pressure on upper trophic level species. The magnitude of reduced fishing pressure from establishment of the MPAs may have been inadequate to cause an increase in local abundance of upper trophic level species and concomitant increased predation and reduction in local abundance of lower trophic level species that are susceptible to capture in pelagic longline fisheries.

-   **Spillover**: If the MPAs caused increased local abundance within the MPAs of species that are susceptible to longline capture, spillover across the MPA seaward margins may have occurred over a smaller spatial scale than assessed here (tens of km). We explored but could not employ smaller 30 nm spillover areas within counterfactual treatment zones due to inadequate sample sizes of fishing effort. Where MPAs have been documented to result in spillover of fished species that increase in local abundance as a result of site-based protection from fishing mortality, the spillover effect was detectable over very small distances (100s of meters) from the MPA boundary \[[@pone.0235129.ref091]\]. However, it is possible that the spatial extent of a spillover effect could extend over tens to hundreds of km (e.g., see \[[@pone.0235129.ref092]--[@pone.0235129.ref093]\]).

-   **Fishing-the-line:** Discussed above, after MPAs were established, there may have been increased pelagic fishing effort and mortality near the MPAs' seaward margins.

Discussed in the Section *Significant Standardized Catch Rate Responses*, there may have been increased local abundance of some of the apex predator species susceptible to capture in pelagic longline fisheries in the treatment zones in response to the establishment of the MPAs that was offset (or in the case of bigeye tuna and blue shark, was exceeded) by reduced catch rates from removing the relatively higher productive fishing grounds near the shallow features. Available evidence suggests that illegal fishing within the MPAs was not an important factor affecting ecological responses to the closed areas. We identified nominal illegal fishing by Hawaii longline vessels within the MPAs. Analysis of Automatic Identification System data for 2013 and 2014 found only one illegal fishing day by a pelagic fishing vessel within the 50 nm protected area around Palmyra Atoll \[[@pone.0235129.ref094]\]. Additional research could be conducted to assess the extent of illegal fishing in the Monument.

Conclusions and research priorities {#sec013}
===================================

This study conducted the first comprehensive performance assessment of large, pelagic MPAs established by the Pacific Remote Islands Marine National Monument. Findings, summarized in [Table 2](#pone.0235129.t002){ref-type="table"}, expand an extremely limited body of empirical evidence with a robust basis for inferring causation of ecological responses to pelagic MPAs and other spatial management approaches for pelagic fisheries \[[@pone.0235129.ref020]\].

10.1371/journal.pone.0235129.t002

###### Summary of key findings and interpretations.
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  Study Component                                                                       Key Findings                                                                                                                        Hypothesized Interpretations
  ------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Standardized catch rates                                                              • MPAs caused significant reductions in bigeye tuna and blue shark standardized catch rates                                         • MPAs eliminated fishing grounds near shallow submerged features within treatment zones where local abundance of apex predators, including bigeye tuna and blue shark, is relatively high; and pressure, gear saturation and interference competition for lower trophic level species, including longnose lancetfish, is relatively high
  • MPAs caused a significant increase in longnose lancetfish standardized catch rate                                                                                                                                       
  • Fishing-the-line reduced local biomass of top predators                                                                                                                                                                 
  • MPAs had no causal impact on standardized catch rates of other assessed species     • MPAs too young                                                                                                                    
  • MPAs too small                                                                                                                                                                                                          
  • MPAs do not contain critical habitat for specific life-history stages                                                                                                                                                   
  Mean lengths                                                                          • MPAs had no causal impact                                                                                                         
  Mean trophic level of the catch                                                       • MPAs had no causal impact                                                                                                         • MPAs had experienced light fishing pressure prior to fishery closure
  Species diversity                                                                     • MPAs had no causal impact                                                                                                         • Fishing-the-line occurred
  **Comparison of Ecological Attributes Between MPAs and Control Zones**                                                                                                                                                    
  Standardized catch rates for species of conservation concern                          • MPAs protect bycatch hotspots and hotspots of bycatch-to-target catch ratios for some at-risk species, but coldspots for others   • Aggregating effect of shallow submerged features on some pelagic predators
  • Uneven spatial distribution of relative abundance within a species' range                                                                                                                                               
  Mean trophic level of the catch                                                       • Significantly higher around MPAs                                                                                                  • Aggregating effect of shallow submerged features
  • MPAs had experienced light fishing pressure prior to fishery closure                                                                                                                                                    
  Species diversity                                                                     • No significant difference in Shannon diversity index between the MPAs and rest of the fishing grounds                             • With species weighted according to their relative frequency, these areas had similar diversity of species susceptible to capture in pelagic longline gear

If MPAs are to successfully contribute to meeting objectives of fisheries management, they likely need to be one component of a suite of management tools \[[@pone.0235129.ref100]\], and need to account for fishers' responses to the MPA, including from effort displacement, and, in response to reduced seafood supply from the MPA, increased effort by other fisheries, which can exacerbate or introduce new adverse ecological consequences \[[@pone.0235129.ref057], [@pone.0235129.ref095]--[@pone.0235129.ref097]\]. As with static habitats, dynamic but persistent habitats are relatively predicable, enabling dynamic pelagic MPA boundaries to be feasibly defined to achieve some ecological objectives (e.g., manage bycatch, \[[@pone.0235129.ref020], [@pone.0235129.ref097]--[@pone.0235129.ref098]\]). But, as with static pelagic MPAs, spatial management of dynamic pelagic habitat would require extremely large areas to achieve other ecological objectives, including maintaining or increasing the absolute abundance of a population of a highly migratory pelagic predator \[[@pone.0235129.ref009], [@pone.0235129.ref011], [@pone.0235129.ref044], [@pone.0235129.ref078]--[@pone.0235129.ref079]\]. This is particularly true if they are not used in combination with other management measures \[[@pone.0235129.ref099]\]. The large size of pelagic MPAs necessary to achieve ecological objectives of increased local and absolute biomass, especially if they occur in areas beyond national jurisdiction, makes establishment, surveillance and enforcement extremely challenging \[[@pone.0235129.ref020]\]. In fisheries where conventional management methods have failed, the underlying causes for failure (management measures do not follow scientific advice, lack of compliance, overcapacity, high levels of illegal fishing, etc.) may also prevent MPAs from meeting objectives \[[@pone.0235129.ref012], [@pone.0235129.ref018], [@pone.0235129.ref100]--[@pone.0235129.ref101]\]. When MPA site selection and design is opportunistic to meet political commitments such as the area-based targets, there is a large risk of not achieving biodiversity and fisheries management objectives \[[@pone.0235129.ref018], [@pone.0235129.ref102]--[@pone.0235129.ref105]\].

The study assessed a subset of possible meaningful ecological responses to the MPAs. The study's assessment of ecological responses was limited by using only fishery-dependent data for species susceptible to capture in pelagic longline gear, using non-randomized and non-systematic preferential sampling, a research approach commonly employed in many disciplines (e.g., species distribution modeling, \[[@pone.0235129.ref106]\]). Evaluating conservation interventions using fishery-dependent data is challenging and can lead to ambiguous conclusions. Finding few significant statistical effects does not mean there was no impact---it is just that we could not find any strong evidence of impacts for some ecological responses given the available fishery-dependent data. Absence of evidence is not evidence of absence. We suspect that impact evaluations of MPAs based on such preferentially-sampled observational data will often be inconclusive and uncertain because of the complex social, economic and ecological interactions affecting pelagic fishery catch rates. The study did not assess various ecological responses to the MPAs that could be explored using both fisheries-independent and fisheries-dependent data, such as changes in attributes (e.g., biomass, size) of non-harvested species, changes from cascading effects through the food web (e.g., effects on seabird populations from changes in prey availability, from subsurface predators driving forage species to the sea surface, and in prey local abundance, in response to reduced localized fishing mortality of apex predators, \[[@pone.0235129.ref107]--[@pone.0235129.ref110]\], or changes in functional links between open ocean and coastal pelagic, demersal and benthic systems \[[@pone.0235129.ref111]\]. The study evaluated a small subset of ecological attributes of a wide range of possible variables that might be included as criteria for MPA site selection (e.g., endemic species richness, total species richness and diversity, rarity, \[[@pone.0235129.ref110]--[@pone.0235129.ref114]\]) and as part of a core set of ecosystem indicators for ecosystem-based fisheries management \[[@pone.0235129.ref115]--[@pone.0235129.ref116]\]. This performance assessment was therefore not exhaustive. Exploring a wider range of ecological attributes is a priority to support evidence-based evaluation of blue water MPAs.

Due to the larger sample size plus the number of independent studies, correctly designed meta-analyses can provide estimates with increased precision and accuracy over estimates from single studies, with increased statistical power to detect a real effect \[[@pone.0235129.ref117]--[@pone.0235129.ref118]\]. As has been conducted for coastal, shallow-habitat no-take MPAs \[[@pone.0235129.ref001], [@pone.0235129.ref004], [@pone.0235129.ref119]\], once a sufficient number of evidence-based evaluations of both static and dynamic blue water MPAs exist, a global meta-analysis will enable answering unresolved questions over effective designs and performance efficacy in contributing to objectives of fisheries management and biodiversity conservation that are relevant over diverse settings.

Methods {#sec014}
=======

Hypotheses {#sec015}
----------

The study tested six hypotheses:

-   The MPAs caused an increase in the local biomass (number of individuals, mean length) of species susceptible to capture in pelagic longline gear within MPA and spillover areas.

-   Due to released fishing pressure of apex predators within the MPAs, there was a shift in the size structure of the community, increasing the mean TLc and species-specific mean lengths within MPA and spillover areas.

-   The MPAs caused increases in species richness and evenness, as indicated by the Shannon diversity index, within MPA and spillover areas.

-   The MPAs have higher species-level biological diversity than the rest of the fishing grounds of Hawaii's tuna longline fishery.

-   There were higher catch rates of species of conservation concern in areas that later become MPAs than the rest of the fishing grounds of Hawaii's tuna longline fishery.

-   There was higher mean TLc within MPA and spillover areas.

Study period and area {#sec016}
---------------------

The study period was from 4 March 1994 to 31 October 2018. The dates of fishery area-based closures around Johnston Atoll, Kingman Reef and Palmyra Atoll during the study period are summarized in [Table 3](#pone.0235129.t003){ref-type="table"}. Johnston Atoll, a U.S. territory, is located in the central Pacific Ocean south of Hawaii ([Fig 5](#pone.0235129.g005){ref-type="fig"}). Palmyra Atoll and Kingman Reef, also U.S. territories, are the northernmost features of the Line Islands. Kingman and Palmyra are 61 km apart ([Fig 5](#pone.0235129.g005){ref-type="fig"}). A 1941 Executive Order established Naval Defensive Sea Areas within 0--3 nm around these areas in which commercial fishing was prohibited (the Naval Defensive Sea Area around Palmyra Atoll was eliminated in 1947) ([Table 3](#pone.0235129.t003){ref-type="table"}) \[[@pone.0235129.ref120]--[@pone.0235129.ref121]\]. The Palmyra Atoll and Kingman Reef National Wildlife Refuges, established in 2001, ban commercial fishing within 12 nm from the mean low water line \[[@pone.0235129.ref122]--[@pone.0235129.ref124]\]. Established in 2009, the Pacific Remote Islands Marine National Monument includes these two Refuges within its boundaries, as well as the Johnston Atoll National Wildlife Refuge, established in 1926 \[[@pone.0235129.ref125]--[@pone.0235129.ref126]\]. The 2009 designation banned commercial fishing within 50 nm \[[@pone.0235129.ref127]--[@pone.0235129.ref128]\]. In 2014, the Monument was expanded out to the 200 nm seaward limit of the U.S. EEZ adjacent to Johnston \[[@pone.0235129.ref129]\].

![Spatial density trend in Hawaii tuna pelagic longline fishing effort (1994--2018) shown using hexagon binning with ≥ 50 sets per bin.\
The 110 nm seaward margin (treatment zone boundary) around Kingman/Palmyra and Johnston shown by a solid-line polygon. The 260 nm seaward margin (treatment zone boundary) around Johnston shown by a dashed-line circle.](pone.0235129.g005){#pone.0235129.g005}

10.1371/journal.pone.0235129.t003

###### Dates of area-based fishery closures within the US EEZ adjacent to Johnston Atoll, Kingman Reef and Palmyra Atoll during the study period.
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  Start                                                     End                                                       Fishery Closures      Citations
  --------------------------------------------------------- --------------------------------------------------------- --------------------- ----------------------------------------------------
  4 March 1994[^1^](#t003fn001){ref-type="table-fn"}        17 January 2001                                           Johnston: 0--3 nm     \[[@pone.0235129.ref120]--[@pone.0235129.ref121]\]
  Kingman: 0--3 nm                                                                                                                          
  18 January 2001[^2^](#t003fn002){ref-type="table-fn"}     5 January 2009[^3^](#t003fn003){ref-type="table-fn"}      Johnston: 0--3 nm     \[[@pone.0235129.ref122]--[@pone.0235129.ref123]\]
  Kingman: 0--12 nm                                                                                                                         
  Palmyra: 0--12 nm                                                                                                                         
  6 January 2009[^3^](#t003fn003){ref-type="table-fn"}      29 September 2014[^4^](#t003fn004){ref-type="table-fn"}   Johnston: 0--50 nm    \[[@pone.0235129.ref128], [@pone.0235129.ref130]\]
  Kingman: 0--50 nm                                                                                                                         
  Palmyra: 0--50 nm                                                                                                                         
  30 September 2014[^4^](#t003fn005){ref-type="table-fn"}   31 October 2018[^5^](#t003fn005){ref-type="table-fn"}     Johnston: 0--200 nm   \[[@pone.0235129.ref129], [@pone.0235129.ref131]\]
  Kingman: 0--50 nm                                                                                                                         
  Palmyra: 0--50 nm                                                                                                                         

^1^ Study period begins on 4 March 1994. A Naval Defensive Sea Area was established at Johnston Atoll in 1941 through Executive Order No. 8682 and remains in effect \[[@pone.0235129.ref120]\]. Naval Defensive Sea Areas were established at Kingman Reef and Palmyra Atoll in 1941. The Palmyra Naval Defensive Sea Area was eliminated in 1947. In 2000 the Navy transferred "custody and accountability for Kingman Reef" to the Department of the Interior \[[@pone.0235129.ref121], [@pone.0235129.ref124]\].

^2^ Kingman Reef and Palmyra Atoll National Wildlife Refuges were established on 18 January 2001 \[[@pone.0235129.ref117]--[@pone.0235129.ref118]\].

^3^ Presidential Proclamation 8336 establishing the Pacific Remote Islands Marine National Monument was signed on 6 January 2009 \[[@pone.0235129.ref128]\]. NMFS regulations implementing the ban on commercial fishing came into effect on 3 July 2013 \[[@pone.0235129.ref130]\].

^4^ Presidential Proclamation 9173, signed on 29 September 2014, expanded the seaward margin of the Marine National Monument at Johnston Atoll out to 200 nm \[[@pone.0235129.ref129]\]. NMFS regulations implementing the ban on commercial fishing in the extended Monument boundary came into effect on 24 April 2015 \[[@pone.0235129.ref131]\].

^5^ Study period ends 31 October 2018

Between 6 January 2009 and 3 July 2013, the period between the date of the proclamation that established the Pacific Remote Islands Marine National Monument and of the date that fisheries regulations implementing the proclamation came into effect, a very small number of sets (we cannot state the exact number due to US government data confidentiality requirements) occurred within the closed area around Kingman and Palmyra, and no fishing occurred in the closed area around Johnston. No Hawaii longline fishing occurred in the U.S. EEZ adjacent to Johnston between 30 September 2014 and 24 April 2015, the period between the date of the proclamation that expanded the Monument boundary around Johnston and the date that fisheries implementing regulations came into effect. As there was extremely little fishing effort within closed areas between the dates of designation and adoption of regulations prohibiting fishing, we used the designation dates, and not the dates of fishing regulations coming into effect, to define study period components.

For counterfactual modeling assessments, treatment zones were defined as the MPA fishery closure areas plus 'spillover' areas of 60 nm from the seaward margin of the MPA. We explored but could not employ smaller 30 nm spillover areas within counterfactual treatment zones due to inadequate sample sizes of fishing effort. A treatment zone of 0--110 nm from the mean low water line was employed for Kingman Reef/Palmyra Atoll and Johnston Atoll for the 50 nm MPAs (referred to as KP110 and J110, respectively). A 0--260 nm treatment zone was employed for Johnston Atoll for the 200 nm MPA (referred to as J260). Three control zones, the portion of the study area that was outside of treatment zones, were defined south, northwest and northeast of the Hawaiian archipelago employing a boundary roughly through the Hawaiian archipelago (running through 28.4167°N, 178.3333°W (Kure Atoll) and 19.5429°N, 155.6659°W (Hawaii Island), and a boundary along 150°W, which is the boundary between the convention areas of the two Pacific Ocean tuna regional fisheries management organizations in the northern hemisphere \[[@pone.0235129.ref132]--[@pone.0235129.ref133]\].

[Fig 5](#pone.0235129.g005){ref-type="fig"} shows the spatial distribution of effort during the study period, aggregated into ca. 1x1-degree hexagonal bins (hexbins), and shows the seaward margins of the three counterfactual treatment zones. Data records were removed that did not meet government confidentiality requirements for effort by three or more individual vessels within an aggregate. There were 494 sets made within 50 nm of Kingman and Palmyra and 1,132 sets made within 200 nm of Johnston, prior to MPA establishment. There were 62,985 sets made outside of these MPA zones. There were 1,192 sets within KP110, and 2,584 sets within J260 (of which 313 were between 0--110 and 2,271 were between 110--260 nm of Johnston). There were 8,889 sets made in the northeast, 27,145 in the northwest and 24,801 in the southern control zones ([Fig 5](#pone.0235129.g005){ref-type="fig"}). Not shown in order to meet confidentiality requirements, the spatial distribution of effort was dynamic, moving northeastward and away from the Johnston and Kingman/Palmyra areas over the study period. Prior to and after establishment of the Kingman/Palmyra 50 nm MPA, the Hawaii tuna longline fleet made 68 and 19 observed sets per year, respectively, within KP110. Similarly, prior to and after establishment of the 50 nm MPA at Johnston, the fleet made 18 and 4 observed sets per year, respectively, within J110. And, prior to and after establishment of the 200 nm MPA at Johnston, the fleet made 114 and 58 sets per year, respectively, within J260. Hence, a substantial decline in observed annual effort by the Hawaii tuna longline fishery occurred near the MPAs, within counterfactual treatment zones, after their establishment.

Statistical modeling approaches for counterfactual predictions {#sec017}
--------------------------------------------------------------

An important issue in conservation management is how to infer the causal ecological impact attributable to a specific policy intervention \[[@pone.0235129.ref134]\], such as the implementation of large pelagic MPAs \[[@pone.0235129.ref089]\]. We used the two-stage modelling approach advocated in Gilman et al. \[[@pone.0235129.ref020]\] that comprises (1) estimation of the zone-specific mean response for commonly used population-level metrics \[[@pone.0235129.ref135]\] such as species-specific catch rate, mean length, mean trophic level and so on using either generalized linear mixed model or GAMM structured regression models \[[@pone.0235129.ref136]\] with the appropriate response-specific likelihood and then (2) fitting a Bayesian structural time series model \[[@pone.0235129.ref137]\] to the predicted species-specific annual trends to derive the counterfactual prediction for each metric within each of the treatment (MPA) and reference (or control) zones. So, stage 1 focused on standardization of the fishery-dependent sourced catch and effort data \[[@pone.0235129.ref138]\] that was needed for causal inference modelling in the next stage. Stage 2 then focused on deriving the zone-specific counterfactual predictions using the model-standardized data to evaluate whether there was any temporal causal impact on the pelagic longline fishery that could be attributable to the Johnston and Palmyra/Kingman MPA expansions.

Supporting Information S1 Section in [S1 File](#pone.0235129.s001){ref-type="supplementary-material"} describes data sources for the observer program for Hawaii's deep-set pelagic longline fishery, sea surface temperature, monthly Pacific Decadal Oscillation index, Food and Agriculture Organization of the United Nations (FAO) Fish Price Index, bathymetric depth and TLc. S2 Section in [S1 File](#pone.0235129.s001){ref-type="supplementary-material"} presents methods for data standardization models for catch rates, mean length, mean TLc and Shannon-Wiener Index of diversity *H'* (also referred to as the Shannon Index), for calculating set-specific mean TLc, for the selection of species included in catch rate and length assessments, and for exploring the importance of effort standardization to account for any zone-specific inadequate sample sizes in estimating a species diversity response.

Evaluating social, conservation or management policy interventions using observational data is challenging and can lead to ambiguous conclusions \[[@pone.0235129.ref139]\]---especially if the intervention is nonrandomized, there are few treatment units affected by the intervention and there are multiple time-dependent outcome measures \[[@pone.0235129.ref140]\]. In our case, the MPA expansions (interventions) were prescribed (not random) and also binary (all or nothing), there were few MPAs to assess, and the data series were time-dependent. We confronted these challenges using a counterfactual prediction or potential outcomes framework \[[@pone.0235129.ref141]--[@pone.0235129.ref142]\] to infer if there was any temporal causal impact on the pelagic longline fishery attributable to MPA expansions in 2009. The counterfactual prediction is then the "unknown" or "unobserved" or inferred outcome of the response metric in the absence of an intervention, which in our case for instance is "what might have happened to the trend in annual bigeye tuna catch rates if MPA expansions had not occurred"? Counterfactual prediction-based approaches are increasingly used to infer temporal causal impacts in a wide range of policy evaluation contexts including public health \[[@pone.0235129.ref143]\], social policy \[[@pone.0235129.ref144]\], cigarette smoking bans \[[@pone.0235129.ref145]\], water conservation initiatives \[[@pone.0235129.ref146]\] and the impact on seafood markets of radioactive spills \[[@pone.0235129.ref147]\] or coastal hypoxia \[[@pone.0235129.ref148]\].

Using the regression-model-standardized response metrics, we constructed time series of the trends in the predicted mean annual metric such as bigeye tuna catch rates for 6 comparison zones: 3 MPA (treatment) zones and 3 references (control) zones. Treatment zones were (1) within 110 nm around Palmyra/Kingma, (2) with 110 nm around Johnston and (3) within 260 nm of Johnston. The reference zones of increasing distance from the MPAs considered important for estimating MPA impacts \[[@pone.0235129.ref135]\] were (1) the southern zone, (2) the northwest zone, and (3) the northeast zone. We then fit a Bayesian state-space or structural times series model \[[@pone.0235129.ref137], [@pone.0235129.ref140]\] with weakly informative regularizing priors to the zone-specific data using the `CausalImpact` R package \[[@pone.0235129.ref137]\]. We focus only on the 2009 intervention since the 2014 MPA expansions are too recent to be evaluated using this approach. The fitted structural time series model synthetic control series is then predicted well beyond the intervention (post-2009) to derive the counterfactual prediction (the temporal trend without any MPA). Here the synthetic control is a multivariate ensemble or composite comprising the 3 reference zone time series and potentially informative annual predictors that are not affected by the intervention such as the annual FAO Fish Price index \[[@pone.0235129.ref149]\] as a proxy for fisher behavior and macro-scale ocean/climate environmental drivers (see S1.2 Section in [S1 File](#pone.0235129.s001){ref-type="supplementary-material"}). The same structural time series model is also fitted simultaneously to the standardized response metric times series exposed to the intervention, for instance, the model-standardized bigeye tuna annual catch rate trends.

Any difference between the 2 simulated time series (the modelled output based on the standardized data series with 2009 intervention and the synthetic control or counterfactual prediction) is the temporal measure of any MPA-attributable impact. The posterior predictive draws or samples are then summarized in a counterfactual prediction plot that supports better understanding of the temporal evolution of any post-intervention effect \[[@pone.0235129.ref137]\], for instance, "was it abrupt or gradual, or temporary or permanent, or was there a delay in the response?" \[[@pone.0235129.ref150]\]. The posterior predictive samples can also be summarized as mean point estimates with 95% credible intervals such as for the posterior mean predictive probability of a causal effect and the magnitude of any causal effect \[[@pone.0235129.ref137]\].

This Bayesian state-space time series modelling approach also comprises a model averaging component via spike-and-slab regression to choose a minimal or sparse set of the reference controls and other predictors used to create the multivariate composite or the synthetic control \[[@pone.0235129.ref137]\], which minimizes the dependence of the counterfactual prediction on the references and predictors in the model. The importance of each reference and predictor contribution to the composite synthetic control series can be shown in an inclusion probability plot. Unlike the commonly used difference-in-differences approach \[[@pone.0235129.ref020], [@pone.0235129.ref151]\], the synthetic control approach to counterfactual prediction makes no assumptions about the data generating mechanism and is especially applicable for sparse data settings (few treatment units), unlike the closely related covariate matching methods (see the review in \[[@pone.0235129.ref140]\]). When there are a large number of treatment units (hundreds or thousands) in a policy intervention analysis, then it can be informative to combine the synthetic control method with unit-specific covariate matching in a Bayesian counterfactual prediction modelling framework \[[@pone.0235129.ref146]\].

Counterfactual model assessments were conducted for the 50 nm MPA around Kingman/Palmyra, and for the 50 nm and 200 nm MPAs around Johnston. Counterfactual model assessments were not conducted for the 3 nm closures at Johnston and Kingman because these two interventions did not occur during the study period (preventing a counterfactual analysis of time series data before the intervention occurred), and because these were relatively small closures. Sample sizes for the 12 nm MPAs were too sparse to support counterfactual model assessments.

Counterfactual model assessments for standardized catch rate responses were conducted for KP110, J110 and J260. As with the standardized catch rate counterfactual assessment, the counterfactual assessments for the mean length and mean TLc responses were conducted for KP110. However, only a single counterfactual assessment was conducted for the combined Johnston treatment zones, as the sample size for J110 was too sparse to support a separate assessment. S2 Section in [S1 File](#pone.0235129.s001){ref-type="supplementary-material"} describes the methods employed for the selection of species included in the counterfactual model assessments for the standardized catch rate (albacore *T*. *alalonga*, bigeye, and yellowfin tunas, blue shark, longnose lancetfish, striped marlin) study component. Mean length assessments were conducted for bigeye and yellowfin tunas. A single counterfactual modeling assessment was conducted to infer what the Shannon index within combined treatment zones would have been if the 2009 and 2014 MPA interventions had not occurred.

Comparison of responses within and outside of MPAs/treatment zones {#sec018}
------------------------------------------------------------------

We compared the abundance-adjusted Shannon diversity index and the catch rate of species of conservation concern between the MPAs (50 nm of Kingman/Palmyra, 200 nm of Johnston) and the rest of fishing grounds. We also compared annual mean TLc for sets occurring either inside or outside of redefined treatment zones (110 nm around Kingma/Palmyra, 260 nm around Johnston).

The methods described in S2 Section in [S1 File](#pone.0235129.s001){ref-type="supplementary-material"} for data standardization models for the Shannon diversity index and mean TLc were also employed for this component for these two attributes. Catch rates for five bycatch species with adequate sample sizes were fit to GAMMs with negative binomial in order to compare catch rates, an indicator of relative abundance, within future MPAs or outside of the MPAs. Here the predictors were zone (within and outside of MPAs), effort (log hooks per set), year, season (quarter), bait type, hook type and hooks-per-float and with the 202 individual vessels as the intercepts-only random effect. These five species were: striped marlin and blue, bigeye thresher, oceanic whitetip and silky sharks. For those bycatch species of conservation concern with only limited sample sizes, we summed the species-specific catch and effort data for all years. Then we estimated the mean posterior catch rate and highest posterior density interval for each species using the `binom` R package \[[@pone.0235129.ref152]\] by sampling from a binomial likelihood with a Bayes-Laplace prior \[[@pone.0235129.ref153]\]. Those 4 species/groups were: albatross species (black-footed *Phoebastria nigripes*, Laysan *P*. *immutabilis*), olive Ridley sea turtle, shortfin mako shark and all odontocete species.

Supporting information {#sec019}
======================
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